Introduction {#sec1}
============

In recent years, diseases associated with disturbances in glucose and lipid metabolism, including obesity, diabetes and metabolic syndrome, have become a global health problem. The increasing prevalence of these metabolic disorders is associated with unhealthy lifestyles characterized by limited physical activity and excessive caloric intake. Recent evidence has shown that lifestyle is associated with an inherited epigenetic pattern, which then affects gene expression and the activity of proteins involved in the development of metabolic disease. One of the most crucial components of this pattern is the microRNA (miRNA). These non-coding single-stranded RNAs ranging from 19 to 25 nucleotides in length are involved in the post-transcriptional regulation of gene expression \[[@cit0001], [@cit0002]\]. It is estimated that miRNAs occupy 3% of the human genome and regulate the expression of 30--50% of all protein-coding genes \[[@cit0003], [@cit0004]\]. They are engaged in multiple signaling pathways in both animals and plants, as well as some viruses. miRNAs have been identified to regulate cell proliferation, necrosis, apoptosis, migration and differentiation \[[@cit0002]\]. The first miRNA, discovered in 1993 by Lee *et al*. in *Caenorhabditis elegans*, was found to be involved in normal temporal control of diverse postembryonic developmental events. They isolated the *lin-4* gene, which did not produce an mRNA encoding a protein, but produced two short non-coding RNAs. One of them, a 22-nucleotide RNA, contained sequences partially complementary to a repeated sequence element in the 3′ untranslated region (UTR) of *lin-14* mRNA. Lee *et al*. proposed that this complementarity was responsible for the inhibition of the translation of the *lin-14* mRNA into the LIN-14 protein \[[@cit0005]\]. However, the full understanding of how *lin-4* controls the larval development of *C. elegans* was recognized in the early 2000s \[[@cit0006]--[@cit0008]\]. Since then, miRNAs as the negative regulators of expression of various genes have been identified in many biological processes.

The plausible role of miRNA in fat metabolism was for the first time suggested by Brennecke *et al*. in *Drosophila* during tissue growth \[[@cit0009]\]. Nevertheless, the first study which clearly showed the involvement of miRNAs in the control of metabolic processes in higher mammals was performed by Morin *et al*. \[[@cit0010]\]. They showed that metabolic changes during periods of euthermia and hibernation in ground squirrel organs are under the control of several miRNAs, including miR-29a, miR-223, miR-195, miR-486 and miR-378. miR-29a targets mRNAs encoding peroxisome proliferator-activated receptor-gamma coactivator (PGC)-1α and glucose-6-phosphatase-a (G6Pase-a), directly involved in glucose metabolism, whereas miR-223 targets forkhead box protein O1 (FOXO1), a crucial transcription factor of metabolic regulation by insulin signaling. Up-regulated miR-29a coincided with a decreased level of PGC-1α and G6Pase-a and reduced hepatic glucose production. miR-195 is a fatty acid synthase (FAS) regulator, a main enzyme of the fatty acid synthesis pathway. The hibernating liver tissues of *I. tridecemlineatus* showed overexpression of miR-195 and reduced FAS protein levels. The liver tissue of hibernating squirrels showed a significantly down-regulated insulin growth factor (IGF) pathway, whose components were found to be under the control of miR-486. The expression of miR-486 in liver tissue was also increased. Decreased expression of miR-378 was observed in hibernating skeletal muscle tissue samples. It was demonstrated that miR-378 expression might be associated with expression of MyoD, a key transcription factor of skeletal muscle myogenesis \[[@cit0011]\]. Interestingly, recent evidence has demonstrated that biochemical adaptation found in hibernating animals is also frequently deregulated in the insulin resistance state of human type 2 diabetes \[[@cit0012]\]. Emerging studies are focused on investigation of microRNAs that are relevant to diabetic complications \[[@cit0013]\].

This review provides an overview of microRNAs engaged in insulin signaling and related glucose and fat metabolism as key players in the pathogenesis, diagnosis, and treatment of metabolic diseases.

Methodology {#sec2}
===========

The PubMed database and published reference lists were searched for articles published between 1990 and 2014 in September 2014 with an update in August 2016. To obtain information needed for this review the following keywords were used: miRNA, miRNA and pancreas; miRNA and insulin; miRNA and type 2 diabetes mellitus, miRNA and obesity, and miRNA and microvascular or macrovascular diabetes complication.

Biogenesis of miRNAs {#sec3}
====================

Most miRNAs are formed in canonical pathways comprising several consecutive steps ([Figure 1](#f0001){ref-type="fig"}). In the initial stage, RNA forms a long precursor transcript containing stem-loop structures, which is then processed by Drosha, an RNA-se III enzyme, and the DGCR8/Pasha protein. This processing stage leads to the formation of a 70-nucleotide pre-miRNA with a hairpin structure. This pre-miRNA is then transported to the cytoplasm by Exportin-5 using energy from GTP bound to Ran protein and further processed by Dicer, another ribonuclease III-activity enzyme associated with TRBP protein (TAR RNA binding protein in mammals, TRBP) to form a 22-nucleotide RNA duplex. This two-stranded RNA duplex is then separated into two independent strands, one being attached to the RISC complex (RNA-induced silencing complex) containing Argonaute protein, thus being capable of silencing complementary mRNAs. Another strand is usually degraded \[[@cit0014], [@cit0015]\]. Whether the target mRNA will be degraded or its translation merely inhibited depends on the degree of miRNA-mRNA complementarity: the target mRNA will be fully degraded if it is fully complementary to the formed miRNA molecule, otherwise it will only be inhibited to some degree. In both cases, translation will be arrested \[[@cit0016]\]. Therefore, identification of the specific miRNAs targeting the genes engaged in key metabolic processes may improve our understanding of metabolic disorders and influence their diagnosis and therapy.

![The biogenesis of miRNA. Initially, RNA forms a long precursor transcript containing stem-loop structures (pri-miRNA), which is then processed by Drosha, an RNase III enzyme, and the DGCR8/Pasha protein. This processing leads to the formation of a 70-nucleotide pre-miRNA with a hairpin structure (pre-miRNA). pre-miRNA is then transported to the cytoplasm by Exportin-5 using energy from GTP bound to Ran protein. In the cytoplasm pre-miRNA is processed by Dicer-TRBP complex to form a 22-nucleotide RNA duplex. This two-stranded RNA duplex is separated into two independent strands, one being attached to the RISC complex containing Argonaute protein, thus being capable of silencing complementary mRNAs. The second strand is usually degraded. The formed complex interacts with complementary sequences, thus influencing the gene expression\
*TRBP -- TAR RNA binding protein in mammals, RISC -- RNA-induced silencing complex*.](AMS-13-29138-g001){#f0001}

The role of microRNAs in β-cell biology {#sec4}
=======================================

Several miRNAs have been found to be engaged in pancreatic development. Specific miRNAs (miR-124a2, miR-375) were demonstrated to be involved in the regulation of the differentiation of β-cells and formation of pancreatic islets \[[@cit0017], [@cit0018]\]. Microarray analysis of the human fetal pancreatic samples revealed variable expression of 212 miRNAs during developmental processes \[[@cit0019]\]. In the pancreatic fetal samples from 10 to 22 weeks of gestational age, Rosero *et al*. identified a group of miRNA with increased expression, containing 4 miRNAs, a group of 35 miRNAs with decreased expression, and a group of miRNAs wherein the level of expression was stable, comprising 173 miRNAs. Furthermore, the authors searched for target genes for miRNAs exhibiting differential expression in the pancreatic samples, based on a previous genome-wide microarray analysis by Sarkar *et al*. \[[@cit0020]\]. It was found that one miRNA may target several genes and, conversely, one gene could be targeted by different miRNAs. Importantly, one of the miRNAs' target, NEUROD1, which is a transcription factor involved in the transition of progenitor cells of the pancreas into endocrine cells, has been identified to be targeted by 5 different miRNAs: miR-17-5p, miR-18a, miR-92, miR-103 and miR-494. Other miRNAs have been correlated with genes involved in endoderm formation or differentiation and maturation of β-cells. This dual role has been attributed to miR-342.

Furthermore, it was demonstrated that micro-RNAs play crucial role in the survival of β-cells in the course of diabetes. Belgardt *et al*. \[[@cit0021]\] detected an increase in the level of miR-200 in the pancreatic tissue of diabetic mice. Experimental over-expression of miR-200 was associated with the apoptosis of β-cells and subsequent death of an animal. The authors found that miR-200 regulated apoptosis and stress-response pathways, mainly via the control of expression of Dnajc3 and Xiap -- a β-cell chaperon protein and a caspase inhibitor, respectively. Furthermore, it has been observed that miR-200 also regulated the expression of Trp53, which led to the formation of a specific pro-apoptotic signature of gene expression, characteristic for the pancreatic tissue of diabetic mice, evoking a cascade of events resulting in apoptosis \[[@cit0021]\]. It is speculated that microRNAs may participate in the autoimmunological destruction of β-cells, which is fundamental for type 1 diabetes (T1D) development. Hezova *et al*. found that regulatory T cells isolated from T1D patients had significantly higher expression of miRNA-146a and lower expression of eight specific miRNAs (20b, 31, 99a, 100, 125b, 151, 335, and 365) as compared to healthy controls. However, the molecular role of these microRNAs has not been recognized in diabetes \[[@cit0022]\]. A summary of microRNAs involved in β-cell biology is presented in [Table I](#t0001){ref-type="table"}.

###### 

The role of different microRNAs and their target genes in the development and functioning of the pancreas

  miRNA                                          Target gene           Function                                                         Reference
  ---------------------------------------------- --------------------- ---------------------------------------------------------------- ----------------
  miR-124a, miR-342                              Foxa2                 Differentiation of β-cells                                       \[[@cit0017]\]
  miR-375                                        Pdx1, NeuroD1         Formation of pancreatic islets, proliferation and growth         \[[@cit0018]\]
  miR-382, miR-432, miR-182                      Isl1                  Embryogenesis of pancreatic islets                               \[[@cit0020]\]
  miR-17-5p, miR-18a, miR-92, miR-103, miR-494   NeuroD1               Transition of pancreatic progenitor cells into endocrine cells   \[[@cit0020]\]
  miR-99b, miR-345, miR-494                      Insm1                 Regulation of β-cell development                                 \[[@cit0020]\]
  miR-187, miR-130b, miR-301                     Pax6                  Embryonic development                                            \[[@cit0020]\]
  miR-200                                        p58IPK, Xiap, Trp53   β-cell apoptosis                                                 \[[@cit0021]\]

Insulin signaling and microRNAs {#sec5}
===============================

A growing body of evidence shows that miRNAs participate in the physiological processes associated with insulin signaling and energy homeostasis. The signaling cascade initiated by insulin results in transcriptional suppression of gluconeogenesis and the activation of lipogenesis ([Figure 2](#f0002){ref-type="fig"}). Insulin binds to the insulin receptor that belongs to the tyrosine kinase family and induces the phosphorylation of insulin-receptor substrates (IRS). Then, IRS recruits phosphoinositide-3-kinase (PI3K), which phosphorylates phosphatidylinositol \[[@cit0004], [@cit0005]\] bisphosphate (PIP2) to produce phosphatidylinositol \[[@cit0003]--[@cit0005]\] triphosphate (PIP3). PIP3, as a second messenger, recruits kinase protein kinase B (Akt) and 3-phosphoinositide-dependent protein kinase-1 (PDK1) to the cell membrane. PDK1 phosphorylates Akt. Active Akt phosphorylates downstream targets engaged in cell metabolism and growth, including glycogen synthase kinase 3 (GSK3), forkhead box protein O1 (Foxo1), and tuberous sclerosis 2 (TSC2).

![The insulin pathway. The insulin-mediated effect on metabolism is composed of (1) the stimulation of glycogen synthesis (via Akt-mediated inhibition of glycogen synthase kinase-3, GSK3 and glycogen synthase, GS), (2) the stimulation of protein synthesis (via Akt-mediated: inhibition of GSK3 and eIF-2B, as well as stimulation of mammalian target for rapamycin complex, mTORC, which inhibits 4EBP1 and activates p70S6K), (3) the stimulation of lipogenesis (via Akt/mTORC-mediated stimulation of sterol-regulated element binding protein, SREBP), the inhibition of gluconeogenesis (via Akt-mediated inhibition of peroxisome proliferator-activated receptor gamma coactivator 1-a, PCG-1a, which coactivates forkhead box O1 (Foxo1) transcription factor), and protein kinase C](AMS-13-29138-g002){#f0002}

GSK3, a serine/threonine protein kinase, phosphorylates and inhibits its downstream targets, including glycogen synthase and the eukaryotic initiation factor 2B (eIF2B). In the insulin stimulated pathway, Akt phosphorylates and inhibits GSK3, leading to the dephosphorylation of glycogen synthase and eIF2B and stimulation of glycogen and protein synthesis \[[@cit0023]\].

FOXO1 is a transcription factor that in an unphosphorylated state increases the rate of transcription of glucose 6-phosphatase (G6P), phosphoenolpyruvate carboxykinase, and microsomal triglyceride transfer protein (MTP) and thereby controls glucose and triglyceride metabolism \[[@cit0024]\]. However, when Foxo1 is phosphorylated by Akt, it is translocated and degraded in the cytoplasm, and in consequence the rate of hepatic glucose production decreases.

TSC2 phosphorylated by Akt ceases to inhibit the Ras homolog enriched in brain (Rheb) protein that is required for activation of mammalian target of rapamycin (mTOR) activation \[[@cit0025]\]. The mTOR functions in two distinct multiprotein complexes, TORC1 and TORC2. Both complexes are important regulators of cell growth. mTORC1, consisting of mTOR, raptor, and mLST8, plays a crucial role in the regulation of protein anabolism, nucleotide biosynthesis, lipogenesis, glycolysis, and autophagy. mTORC2, composed of mTOR, rictor, SIN1, and mLST8, regulates lipogenesis, glucose metabolism, the actin cytoskeleton, and apoptosis \[[@cit0026]\]. Among key downstream targets of mTORC involved in glucose and lipid metabolism are glucose transporters, rate-limiting glycolytic enzymes, and sterol regulatory element binding protein-1c (SREBP-1c) \[[@cit0025], [@cit0027]\].

It is documented that the PI3K/Akt/mTOR pathway plays a significant role in metabolic diseases such as diabetes and cancer development \[[@cit0028]\]. Genetic murine models provided evidence that the mTOR pathway is crucial for pancreatic β-cell proliferation. Constitutive activation of mTORC1 promoted an increase of pancreatic β-cell number and size, and a decrease of blood glucose levels and hyperinsulinemia. Conversely, the chronic inhibition of mTORC1 and/or mTORC2 reduced β-cell mass and function, evoked severe insulin resistance and glucose intolerance, and promoted hepatic glucose production \[[@cit0028]\].

Wang *et al*. found that miR-7a is expressed in adult pancreatic islets and targets multiple components of the mTOR signaling pathway. They demonstrated that the inhibition of miR-7 activated mTOR signaling and promoted adult β-cell proliferation in both mouse and human primary islets, suggesting that miR-7 is a negative regulator of adult β-cell proliferation \[[@cit0029]\].

Karolina *et al*. demonstrated that the insulin pathway is under control of microRNAs. The circulating level of miR-144 was significantly increased in patients with diabetes. miR-144 was found to target insulin receptor substrate 1 (IRS1) \[[@cit0030]\]. Bork-Jensen *et al*. identified downregulated miR-15b and miR-16 in twins with overt type 2 diabetes, and they suggested that they regulate the key insulin signaling components IRS1 and PI3KR1 \[[@cit0031]\].

Under physiological conditions, insulin secreted into the blood acts on the peripheral tissues, what causes glucose uptake by various isoforms of glucose transporters (GLUTs). Nonetheless, diabetes is accompanied by insulin resistance, the inability of tissues to respond to insulin action. In this case, the mechanism depicted in [Figure 2](#f0002){ref-type="fig"} is disturbed. Several miRNAs have been found to be differentially expressed in tissues taken from T2DM rats exhibiting an insulin-resistant profile: for example, miR-222 and miR-27a were found to be upregulated in adipose tissue, and miR-125a, miR-195 and miR-103 were upregulated in the liver, while miR-10b was significantly downregulated in muscle tissue \[[@cit0032], [@cit0033]\].

The diverse expression profile demonstrated by the level of miRNAs in various tissues may potentially be associated with the development of insulin resistance, and this condition has been strongly linked to dyslipidemia and obesity. Although insulin inhibits lipolysis under physiological conditions, thus promoting the storage of triglycerides in adipocytes, these tissues become resistant to insulin in obese individuals and enter a hyper-lipolytic state. Non-esterified fatty acids (NEFA) undergo greater mobilization, leading to their accumulation in plasma; this is accompanied by ectopic deposition of triglycerides in the muscles and the liver, impairing their metabolism and leading to overproduction of glucose. In addition, lipids accumulate in non-adipose tissue, including the β-cell mass, resulting in functional impairments and apoptosis. As a consequence, persistently elevated glucose levels demonstrate toxic effects with serious, metabolism-impairing consequences.

The oxidation of fatty acids in the liver results in the enhancement of oxidative stress, defined as an imbalance between the amount of reactive oxygen species (ROS) and the ability of the organism to detoxify ROS or to repair oxidative damage. Oxidative stress is also promoted by excessive production of pro-inflammatory cytokines in hypertrophic adipose tissue ([Figure 3](#f0003){ref-type="fig"}). Adipose tissue serves as an endocrine organ, secreting a number of hormones and cytokines, including adiponectin, leptin and resistin, which are crucial for glucose and lipid metabolism. When adipose tissue becomes hypertrophic and insulin resistant, its endocrine function is altered, resulting in abnormal levels of adipocyte-derived cytokines being observed \[[@cit0034]--[@cit0036]\]. Several miRNAs are believed to be involved in the process of adipogenesis, including miR-143 and miR-103. Both miRNAs were found to significantly accelerate the process of adipocyte differentiation, thus further increasing triglyceride accumulation ([Figure 3](#f0003){ref-type="fig"}). Importantly, an association has been established between the level of miR-143 and vital glucose-metabolism-related genes, including GLUT and the peroxisome proliferator-activated receptor γ2 (PPARγ2) \[[@cit0037], [@cit0038]\]. Ahn *et al*. found that miR-146b is involved in the regulation of sirtuin-1 (SIRT1) expression in the adipose tissues of diet-induced and genetically obese mice \[[@cit0039]\]. SIRT1 was found to be involved in lipid and glucose metabolism, inflammation, and adipogenesis \[[@cit0040]\]. SIRT1 deacetylates and affects activity of specific transcription factors, including Foxo1, PGC1α, and NF-κB \[[@cit0041]--[@cit0043]\]. Picard *et al*. demonstrated that SIRT1 inhibits adipogenesis by docking with PPARγ cofactors, nuclear receptor co-repressor (NCoR) and silencing mediator of retinoid and thyroid hormone receptors (SMRT) \[[@cit0044]\]. Significant upregulation of miR-146b and decrease of SIRT1 were found in obese mice. Ahn *et al*. demonstrated that miR-146b downregulated SIRT1 expression, leading to a decrease of Foxo1 deacetylation. In consequence, Foxo1-mediated inhibition of PPARγ transcription was diminished and adipocyte differentiation was stimulated. A knockdown of miR-146b by LNA-miR-146b antagomir evoked an increase of SIRT1, and a reduction of body weight and adiposity \[[@cit0039]\].

![The dysregulated microRNAs and metabolic disorders. Dysregulation of microRNA expression leads to significant changes in the expression of their target genes. The consequences of these changes are disturbances in cellular processes, including growth and metabolism, which result in the development of obesity, diabetes and its complications](AMS-13-29138-g003){#f0003}

A comprehensive set of experiments by Fu *et al*. showed that miR-26a is a key regulator of hepatic metabolism and insulin signaling \[[@cit0045]\]. An examination of liver samples collected from patients undergoing abdominal surgery demonstrated lower levels of miR-26a expression in overweight individuals in comparison with their lean counterparts. Fu *et al*. also reported a decreased level of miR-26a in obese mice and that inducible transgenic overexpression of miR-26a in mice fed with a high-fat diet decreased insulin resistance, gluconeogenesis and fatty acid synthesis. In contrast, the silencing of miR-26a in mice fed with a conventional diet impaired insulin sensitivity, enhanced glucose production, and increased fatty acid synthesis \[[@cit0045]\].

Kornfeld *et al*. note that miR-802, which targets Hnf1b (hepatocyte nuclear factor-1-β, TCF-2), plays an important role in hepatic glucose metabolism and insulin signaling \[[@cit0046]\]. Increased expression of miR-802 was found in the liver tissue of obese mice and humans. Using transgenic mice, the authors demonstrated that overexpression of miR-802 evoked the silencing of Hnf1b in the liver, resulting in impaired glucose tolerance, attenuated insulin sensitivity and elevated gluconeogenesis. Conversely, the silencing of miR-802 expression was associated with hepatic Hnf1b protein expression, as well as improved glucose tolerance and insulin action \[[@cit0046]\].

In a study performed on transgenic mice with inducible expression of the Let-7 family, Frost and Olson found that the Let-7 family of microRNAs regulates the glucose metabolism in multiple organs \[[@cit0047]\]. Mice overexpressing Let-7 were smaller and had decreased fat mass, and both global and pancreas-specific overexpression of Let-7 in mice resulted in impaired glucose tolerance and reduced glucose-induced pancreatic insulin secretion. They also note that global silencing of the Let-7 family in mice fed with a high-fat diet improved glucose tolerance by the reduction of insulin resistance in liver and muscle. Additionally, silencing of the Let-7 family in diet-induced obese mice increased lean and muscle mass, but not fat mass, and prevented ectopic fat deposition in the liver \[[@cit0047]\].

Finally, Trajkovski *et al*. reported the expression of miR-103 and miR-107 to be increased in the liver of obese mice and humans with insulin resistance and hepatic steatosis \[[@cit0048]\]. Global silencing of miR-103 and miR-107 increased insulin signaling in both liver and adipose tissue in obese (ob/ob) and diet-induced obese (DOI) mice. However, they demonstrated that hepatic silencing of miR-103 and miR-107 was not sufficient to reverse the metabolic abnormalities in both the obese ob/ob and DOI mice, but in adipocytes, the silencing of miR-103 and miR-107 improved insulin sensitivity. In contrast, miR-103 or miR-107 gain-of-function was sufficient to induce impaired glucose homeostasis in both hepatic and adipocyte tissue. Both miR-103 and miR-107 were found to target caveolin-1 (Cav1), which is a critical regulator of the insulin receptor. They demonstrated that silencing of miR-103 and miR-107 in adipocytes of ob/ob mice increased Cav1 expression, leading to the activation of insulin signaling and enhanced insulin-stimulated glucose uptake \[[@cit0048]\]. A summary of the dysregulation of microRNA expression leading to metabolic disorders is presented in [Figure 3](#f0003){ref-type="fig"}.

miRNAs as potential biomarkers of metabolic disorders {#sec6}
=====================================================

Interestingly, some miRNAs have been identified as potential biomarkers for distinguishing obesity from T2DM \[[@cit0049], [@cit0050]\]. In an analysis of patient sera, Wu *et al*. found the expression of the deregulated miRNAs, including miR-152, miR-17, miR-138, miR-593, miR-150, miR-205, miR-376a, miR-432-5p and miR-500a, to differ between a group of 25 healthy control subjects and groups of 25 patients with T2DM, 25 obese (OB) and 25 OB + T2DM patients. An analysis of the area under the curve (AUC) values based on receiver operating characteristic curves for each miRNA revealed that miR-152, miR-17, miR-593 and miR-138 alone can be used to distinguish patients with OB from those with T2DM, OB + T2DM or healthy subjects \[[@cit0049]\]. Similarly, Pescador *et al*. performed an analysis of miRNA expression profiles in serum samples taken from 13 T2DM, 20 OB, 16 OB + T2DM and 20 healthy control subjects. They identified miR-138, miR-15b and miR-376a as potential predictive biomarkers in obesity, and found that miR-138 and miR-376a can be used to distinguish OB from healthy controls, T2DM, and OB + T2DM. Moreover, the combination of miR-503 and miR-138 can differentiate T2DM from OB + T2DM patients \[[@cit0050]\].

A study by Klöting *et al*. investigated whether miRNA expression is fat-deposit specific, and whether it is associated with obesity and the glucose metabolism \[[@cit0051]\]. Paired samples of abdominal subcutaneous (SC) and intra-abdominal omental adipose tissue were obtained from nine individuals with normal glucose tolerance (NGT) and from six newly-diagnosed individuals with T2DM. An expression analysis of 155 miRNAs revealed that 106 miRNAs were detectable in both omental and SC adipose tissue samples, but none were exclusively expressed in either type of fat deposit. However, the expression pattern differed between the NGT and T2DM patients: for omental fat, significantly higher expression of miR-17-5p, miR-132 and miR-134 was observed among the NGT subjects than among those with T2DM, whereas the opposite was seen for miR-181a. In the case of SC fat, the expression of miR-27a, miR-30e, miR-140, miR-155 and miR-210 was significantly higher, and expression of miR-147 and miR-197 lower, in the NGT than the T2DM group. The analysis of the pattern of miRNA expression and metabolic parameters revealed that omental fat area was negatively associated with the expression of miR-17-5p and miR-132. In SC fat, miR-34a and miR-145 expression significantly correlated with BMI, miR-145 expression significantly correlated with HDL cholesterol level and 2-hour oral glucose tolerance test (OGTT) glucose level, miR-197 expression correlated with fasting plasma glucose and glucose infusion rate during the clamp, and miR-95 expression was related to serum concentrations of adiponectin, CrP and IL-6. Both types of fat deposit demonstrated a significant association between miRNA-95 expression and adipocyte size. The number of macrophages infiltrating the fat depot was found to be significantly associated with miRNA-132 expression for omental fat, and miRNA-26b and miRNA-155 expression for SC fat \[[@cit0051]\].

Obesity and T2DM are known to be characterized by low-grade chronic inflammation caused by increased secretion of pro-inflammatory cytokines and adipokines by the macrophages and adipocytes present in adipose tissue. BaldeÓn *et al*. examined the expression of miR-146a and miR-155a, key regulators of inflammation, in serum samples from 56 Ecuadorian T2DM patients and 40 non-diabetic controls, to determine whether they would be associated with glucose control, dyslipidemia, obesity and the serum level of a number of inflammatory mediators: TNF-α, IL-1β, IL-6, NFG, HGF, PAI, resistin, CCL2, adiponectin, leptin, IL-8, and CCL4. It was found that the serum level of miR-146a, but not miR-155, was significantly lower in T2DM patients than the non-diabetic controls. A positive correlation was found between miR-146a and serum PAI level, and the serum miR-155 level correlated significantly with the levels of leptin and IL-8 \[[@cit0052]\]. Similarly, in a study of 23 morbidly obese, 30 obese, and 30 normal or overweight (non-obese) subjects by Kilic *et al*., the levels of miR-143 and miR-223, two other key regulators of adipocyte differentiation and inflammation, were found to be significantly lower in blood from the morbidly obese and obese patients than non-obese subjects. However, no correlation was found between these miRNAs and HOMA-IR, BMI, WHR or hsCRP levels \[[@cit0053]\].

To identify prediabetes miRNA biomarkers, PÁrrizas *et al*. compared the sera isolated from 29 control subjects with those of 22 pre-diabetic individuals demonstrating impaired fasting glucose, 21 pre-diabetic subjects with impaired glucose tolerance and 20 newly diagnosed T2DM patients. It was found that the pre-diabetic phenotype could be identified based on miR-192 and miR-193b level, and that the amounts of the two miRNAs correlated with glucose level, HOMA-IR, triglyceride level and fatty liver index. A similar experiment compared the expression of serum miR-192 and miR-193b between 12 control and six pre-diabetic individuals (3 impaired fasting glucose and 3 impaired glucose tolerance patients) after a 16-week exercise program, as well as a comparison of high-fat diet (HFD)-induced glucose-intolerant obese mice and controls after a 5-week intervention consisting of caloric restriction and exercise. After the former intervention, serum miR-192 and miR-193b expression significantly decreased in pre-diabetic patients, reaching the levels in the control subjects. The authors note that the 5-week intervention caused a significant decrease in serum miR-192 and miR-193b in glucose-intolerant HFD mice, and this was associated with normalization of body weight, glucose tolerance and triglyceride level \[[@cit0054]\].

Taken together, although microRNAs correlate with some metabolic parameters, their use in the diagnosis of T2DM and obesity requires further clinical studies and experimental validation. It is because we are at the beginning of our way to understand how microRNAs regulate glucose and fat metabolism in various tissues and their involvement in the pathogenesis of metabolic disorders ([Table II](#t0002){ref-type="table"}).

###### 

miRNAs, their targets and related disorders

  miR                Target gene                               Target tissue                  Pathway/function                                      Disorder                   References
  ------------------ ----------------------------------------- ------------------------------ ----------------------------------------------------- -------------------------- ----------------------------
  miR-7a             mTOR pathway components (p70S6K, eIF4E)   Pancreatic islets              mTOR pathway/β-cell proliferation                     Diabetes                   \[[@cit0029]\]
  miR-144            IRS1                                      Blood                          Insulin pathway                                       T2DM                       \[[@cit0030]\]
  miR-15b miR-16     IRS1, PI3KRI                              Skeletal muscle                Insulin pathway                                       T2DM                       \[[@cit0031]\]
  miR-143            GLUT, PPARγ2                              Adipose tissue                 Insulin pathway                                       Obesity                    \[[@cit0037], [@cit0038]\]
  miR-146b           SIRT1                                     Adipose tissue                 Deacetylation of Foxo1, PGC1α, NF-κB                  Obesity                    \[[@cit0039]\]
  miR-802            Hnf1b (TCF2)                              Liver                          Insulin pathway                                       Obesity                    \[[@cit0046]\]
  miR-103, miR-107   Caveolin-1 (Cav1)                         Adipose tissue, liver          Insulin pathway                                       Obesity                    \[[@cit0048]\]
  miR-152            PTEN, ROCK1, PPARγC1A                     Serum                          Insulin pathway, Wnt pathway, adipocytokine pathway   Obesity                    \[[@cit0049]\]
  miR-17             SPRY4, JAK1, CCND1                        Serum                          Jak-STAT pathway                                      Obesity                    \[[@cit0049]\]
  miR-138            SHP                                       Serum                          PPARγ2 pathway                                        Obesity                    \[[@cit0049], [@cit0050]\]
                     Nerogenin3 (NGN3)                         Serum                                                                                Obesity                    \[[@cit0050]\]
  miR-376a           p85α, PIK3R1                              Serum                          Apoptotic pathway                                     Obesity                    \[[@cit0050]\]
  miR-192            Smad-interacting protein 1 (SIP1)         Kidney                         Collagen deposition                                   Diabetic nephropathy       \[[@cit0060]\]
  miR-200b           VEGF                                      Retina                         Angiogenesis pathway                                  Diabetic retinopathy       \[[@cit0061]\]
  miR-146a           NF-κB                                     Sciatic neural tissue          Inflammatory pathway                                  Diabetic neuropathy        \[[@cit0064]\]
  miR-24             HMGB1                                     Vascular smooth muscle cells   Proinflammatory signaling pathway                     Diabetic atherosclerosis   \[[@cit0068]\]
  miR-27a            LDLR                                      Blood                          Cholesterol homeostasis                               Diabetic atherosclerosis   \[[@cit0068]\]
  miR-185            SERBP-2                                   Hepatocytes                    Cholesterol biosynthesis, LDL uptake                  Diabetic atherosclerosis   \[[@cit0070]\]

miRNAs in vascular diabetic complications {#sec7}
=========================================

The combination of long-term diabetes and uncontrolled blood glucose levels significantly increases the risk of serious life-threatening microvascular complications, such as nephropathy, retinopathy and neuropathy, as well as macrovascular complications such as heart attack, stroke and insufficient blood flow to the legs. A growing body of evidence shows that the development of diabetic vascular diseases is associated with excessive proliferation and migration of vascular smooth muscle cells exposed to chronic hyperglycemia \[[@cit0055]\].

Recent evidence indicates that several miRNAs may be involved in the development of diabetic angiopathies. Efforts have been made to determine whether specific miRNAs may serve as a diagnostic tool that could help elucidate the risk for the development of such complications in the vascular system of diabetic subjects. By using a diabetic rat model, it has been shown that several miRNAs (miR-29 family, miR-24) are differentially expressed during the course of diabetes \[[@cit0056], [@cit0057]\], while Zampetaki *et al*. report that alterations in the expression of several miRNAs (miR-15a, miR-28-3p, miR-126, miR-223, miR-320) preceded the onset of diabetes \[[@cit0058]\]. Furthermore, as this specific "miR-diabetic signature" was shown to be accompanied by subclinical artery disease, the authors suggest that this change may be a potential marker for identifying diabetic patients with a high risk of angiopathy.

Currently, among vascular diabetic complications, diabetic nephropathy has been associated with the largest number of studied miRNAs (miR-21, miR-93, miR-377, miR-216a, miR-192, miR-29), with miR-192 being the most intensively studied in this condition \[[@cit0059]\]. Kato *et al*. report a link between increased expression of miR-192, reduced expression of Smad-interacting protein 1 (SIP1), a transcription factor engaged in the regulation of collagen gene expression, and enhanced deposition of collagen in diabetic rat and mouse models \[[@cit0060]\]. *In vitro* studies showed that increased miR-630 expression promoted cell proliferation, apoptosis, migration and invasion of renal cancer cells \[[@cit0061]\].

It is well documented that the development of diabetic retinopathy (DR) is associated with increased expression of vascular endothelial growth factor (VEGF). As VEGF mRNA is a known potential target for miR-200b, McArthur *et al*. examined its potential role in the development of DR. They found that diabetic rats demonstrated decreased expression of retinal miR-200b accompanied by over-expression of VEGF \[[@cit0062]\]. Furthermore, endothelial cells transfected with a mimic of miR-200b exhibited a decline in VEGF level. These findings may serve as the initial steps in the development of miRNA-based therapy for DR.

To date, little is known about whether micro-RNAs are involved in the development of diabetic neuropathy. Wang *et al*. identified miR-1 and miR-133a as potential regulators of peripheral nerve homeostasis \[[@cit0063]\]. A recent study performed on diabetic rats identified a regulatory pathway, inclusive miR-146-a and NF-κB, that may be involved in the development of diabetic neuropathy \[[@cit0064]\]. Yousefzadeh *et al*. observed that a 2-month intervention of uncontrolled diabetes was associated with significantly increased levels of miR-146a, NF-κB and inflammation-related mediators (TNF-α, IL-6, IL-1β), but reduced expression of TRAF6 (TNF-receptor-associated factor 6) in the sciatic neural tissue of rats.

Regarding macrovascular diabetes-induced complications, recently, Yang *et al*. summarized the data on cardiac-specific microRNAs that are involved in myocardial fibrosis of the left atrium. miR-1, -21, -25, -29, -29a, -132, -133, -208, and -590 are able to target genes associated with fibrosis and connexin involved in the pathophysiology of atherosclerosis \[[@cit0065]\]. miR-133, a molecule exhibiting high cardiac expression, was found to be involved in the regulation of muscular tissue formation \[[@cit0059]\]. Increased expression of miR-133 was associated with conduction disturbances in the heart \[[@cit0066]\]. However, down-regulation of miR-133 has been associated with cardiac hypertrophy \[[@cit0067]\], a process found to be mediated by genes and proteins involved in heart formation: RhoA, a GDP-GTP exchange protein, Cdc42, a signal transduction kinase, hypertrophy-related proteins, and Nelf-A/WHSC2, a nuclear factor engaged in cardiogenesis, all of which are regulated by miR-133.

Yang *et al*. provided evidence that miR-24 was implicated in diabetes-associated atherosclerosis. Vascular smooth muscle cells (VSMC) cultured in high glucose concentration (30 mM) showed a decreased expression level of miR-24 and an increase of TNF-α and IL-6 production. MiR-24 targets high mobility group box-1 (HMGB1), which is involved in proinflammatory signaling. They demonstrated that upregulation of miR-24 reduced proliferation and migration of VSMC as a result of suppressing HMGB1/NF-κB associated production of proinflammatory cytokines \[[@cit0068]\]. miR-27a was found to decrease the expression of low-density lipoprotein receptor (LDLR), responsible for LDL removal from the circulation, by Alvarez *et al*. \[[@cit0069]\]. They showed that insulin induced an increase in the levels of miR-27a and a related decrease in LDLR level in HepG2 cells. However, knockdown of miR-27a evoked an increase in the level of LDLR \[[@cit0069]\]. These results suggest that miR-27a may be a therapeutic target for the prevention of atherosclerosis, especially in patients with metabolic syndrome and type 2 diabetes patients, who were found to have an increased circulating 27a level \[[@cit0070]\]. Yang *et al*. found that atherosclerosis may be associated with overexpression of miR-185. They showed that miR-185 repressed the sterol response element binding protein (SREBP)-2 transcription in HepG2 cells. SREBP2 is a transcription factor that induces the expression of genes involved in *de novo* cholesterol biosynthesis and low-density lipoprotein (LDL) uptake. Moreover, they detected that mice fed with a high-fat diet and individuals with high cholesterol had a significantly increased miR-185 level \[[@cit0071]\] ([Table II](#t0002){ref-type="table"}).

microRNAs as a target of therapy {#sec8}
================================

Growing *in vivo* evidence indicates that manipulation of miRNA levels may provide beneficial therapeutic effects. Recently, several strategies have been developed to inhibit or mimic therapeutic miRNA \[[@cit0072]\]. The most widely used approach to inhibit miRNA is by using anti-miRs. As modified antisense oligonucleotides, anti-miRs reduce the expression of endogenous miRNA, which results in an increase of target gene expression. In order to increase the *in vivo* stability of anti-miRs, chemical modifications have been used, including 2′-O-methyl group-modified oligonucleotides and LNA-modified oligonucleotides \[[@cit0073]\]. To re-express the miRNA of interest, synthetic RNA duplexes or tissue-specific viral vectors delivering target miRNA have been employed \[[@cit0074]\]. MicroRNAs as a target of therapy have already been tested for use in cancer and heart failure therapy, with the most advanced, miR-122, currently in phase 2 clinical trials to treat hepatitis C virus \[[@cit0075]\].

Regarding metabolic disease, several micro-RNAs have been proposed as candidates for potential therapy. miR-33 is known to be engaged in the regulation of cholesterol biosynthesis. Mice treated with anti-miR-33 oligonucleotides exhibited increased cholesterol efflux and elevated HDL cholesterol levels \[[@cit0076], [@cit0077]\]. Further research confirmed that anti-miR-33 treatment may be atheroprotective, as mice with established atherosclerotic plaques showed lower plaque size and lipid content, elevated plaque stability, and decreased expression of inflammation-related genes following anti-miR therapy \[[@cit0078]\]. Interestingly, it is suggested that anti-miR-33 treatment as an adjunct to statin therapy may be beneficial in reducing primary and secondary cardiovascular events \[[@cit0079]\]. Furthermore, treatment targeted at miR-103/107 may improve glucose homeostasis and insulin sensitivity. It was found that the level of this miRNA is elevated in obese mice. Experimental silencing of miR-103/107 with an antisense oligonucleotide was found to elevate the level of caveolin-1, resulting in a reduction of adipocyte size, stabilization of the insulin receptor, and elevated insulin signaling and glucose uptake \[[@cit0048]\].

It is also worth noting that microRNAs are regulated by various environmental factors, including physical activity and different components of the diet. Results presented in a systematic review performed by Momtazi *et al*. suggested that curcumin modulated the expression of several miRs in brain, ocular, renal, and liver diseases and therefore may protect against the onset of noncancerous diseases associated with these organs \[[@cit0080]\].

Conclusions and future remarks {#sec9}
==============================

A number of studies have indicated that microRNAs are involved in the control of metabolic processes in various tissues, mainly by the regulation of genes encoding proteins responsible for metabolism. Dysregulation of microRNAs was found to be involved in the development of obesity, T2DM, and diabetic complications.

It was established that expression of micro-RNAs may be influenced by the modification of lifestyle. Several microRNAs were found to be correlated with metabolic parameters, and their levels were found to change after exercise intervention. Further elucidation of the involvement of specific miRNAs in the pathogenesis of metabolic disorders can result in the identification of potential therapeutic targets. Attempts are underway to incorporate specific miRNAs in diagnostic procedures. Moreover, as microRNAs may play a role in the development of life-threatening diabetic complications, further research may well prove valuable in reducing the risk of their occurrence.
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